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Currently,  when  designing  a  building  or  structure,  attention  needs  to  be  paid  to  the 
environmental  impact  that  the  construction would  have  on  the  site  in  question;  although 
the  primary  focus  is  durability,  it  is  equally  as  important  for  an  account  of  the  influence 
construction  has  on  the  environment  to  be  included  [5,  p.  18-21;  17,  p.  105-110;  14]. 




been  taken  into consideration  in  recent years. Primarily, projects have  focused on aspects 
of the bearing capacity and usefulness of the structure, but with time, more attention is also 
being paid to durability with regards to the environment in which it will be used [7, p. 38-39].
Taking  into  account  the  life  cycle  of  the  raw materials  used  in  the  building  process, 
construction waste can be divided into two categories [21]:




the  second category ‒  that  of waste generated during demolition ‒  and will  be presented 







These  flue  gases  include:  carbon  dioxide,  sulfur  oxides,  nitrogen  oxides  and  fluorine 
oxides. When these components come into contact with water vapor, oxidisation occurs and 
they transform into sulphates, nitrates and chlorides, respectively. During the transportation 
of  flue  gases  through  the  interior  of  the  chimney,  a  proportion  of  these  compounds 
penetrates  into  the  porous  structure  of  the  ceramic  bricks  and  accumulates  within  them. 
Structures implenting binded are also subject to this destructive effect as they often allow 
for the easy migration of harmful substances into the chimney shaft. After decades of use, 




Thus,  beyond  the  economic  aspect  associated  with  the  cost  of  replacing  the  lining 
and  the  organisational  issues  resulting  from  the  need  to  maintain  the  continued  use  of 
the  chimney,  there  is  the  additional  problem  connected  with  the  utilisation  or  disposal 
of the demolished ceramic liner.
It should be noted that both brick and ceramic binding materials are at risk of containing 
compounds  that are a direct  threat  to  the environment. During many years of use, and as 
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a  result  of  the  impact  of  discharging flue  gases, many  substances  embed  into  the  porous 
structure of ceramic bricks, mortar and isolation [9, 12, 15]. In fact, none of these compounds 
have a neutral effect on the environment – this hinders attempts at finding safe alternatives 
for  waste  management.  These  problems  also  arise  during  the  demolition  of  industrial 
concrete chimney shafts [6]. Figure 1 shows the interior of a chimney, construction waste 
resulting from the demolition of  the structure or  its element  (removal of  the  inner  layers) 
and a photo of the demolished chimney.




which  are  the  products  of  the  corrosion  of  the  insulation,  concrete  and  ceramic  brick 
[19,  p.  378-386].  The  occurrence  of  this  type  of  waste  material  after  the  modernisation 
of the lining or demolition of a chimney liner carries the risk of having a negative impact 
on  the  environment.  In  particular,  these  compounds  contribute  to  acidification  and  the 
salinisation  of  soil  and  groundwater,  inserting  hazardous  substances  into  the  ecosystem 
of plants, animals and humans [13; 18, p. 2032-2040; 23, p. 737-749].
Research  findings  of  examined  industrial  chimneys  indicate  that  both  the  ceramic 
bricks and  the binding mortar become contaminated [10]. Evidence for  this  is understood 
by  changing  pH  levels  and  increased  levels  of  sulphate  and  chloride  ions  in  both  of  the 
tested materials. Furthermore, the level of contamination of ceramic bricks, binding material 
and  thermal  insulation  is  significantly  different. An  analysis  of  the  results  carried  out  by 




the  gradual  build-up  of  the  content  of  chlorides  and  sulphates  in  the  lining materials  of 
the chimney.










The  data  explains  that  the  problem  which  the  accumulation  of  harmful  substances 





does  not  exceed  3%.  However,  in  the  mortar,  in  62%  of  tested  samples  the  content  of 
sulphate ions exceeds 3% by weight of  the binder. The analysis of histograms concerning 
the  frequency  of  occurrence  of  the  content  of  chloride  ions  shows  that  among  the  tested 
samples  of  bricks,  63% of  them contain  occurrence of Cl‒  at  a  level  of  0.2% by weight, 







contaminated. The dominant pH value  is within  the  range of 7  to 9, which  indicates  that 








with  concrete  cores  converging  towards  the  top  which  are  protected  inside  by  thermal 
insulation  and  a  ceramic  liner.  Figure  5  shows  a  schematic  cross-section  of  an  industrial 
Fig.  5.  Schematic cross-section of chimney and pictures of materials
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chimney  and  its  materials.  Table  1  presents  the  weight  of  the  ceramic  lining  removed 
from  the chimney  including  the mass  fraction of ceramic bricks and  the binding material 
and the mass of the thermal insulation which was originally applied.
T a b l e  1



















































































7–17 355 20.2 60.7 7.3
sum 3744 213.3 639.9 77.1
As  a  result  of  the  demolition  of  the  degraded  inner  layers  of  the  chimney,  930  tons 
of  construction  waste  were  created,  including  640  tons  of  contaminated  ceramic  bricks, 
213  tons  of  mortar  and  77  tons  of  damaged  mineral  wool.  Long-term  use  caused  an 
accumulation  of  harmful  substances  to  occur  in  the  brick  and  the  binding  material. 
The materials were taken from different heights of the chimney at random so that the results 
obtained characterised the quantitative state of contamination of the removed inner layers.
3. Methods and apparatus for testing
The  aim  of  this  study was  to  determine  the  nature  of  the  formed  corrosion  products 
and accumulated substances in the removed ceramic lining. Another important element of 
the  research was  to  carry  out  a  quantitative  assessment  of  substances which  are  harmful 
to the environment. A major issue, from the point of view of the environmental impact of 
the scrap, was  to determine  the amount of substances  that can be easily  leached from the 
structure  of  tested materials.  For  this  purpose,  a  ceramic  brick  and  cement  mortar  were 
percolated to leach out all the substances from tested materials. The next test was to study 
23
the  structure  of  porosity  of  ceramic  bricks  and mortar.  In  order  to  determine  the  size  of 
the pores, which is where principal pollutants accumulate, the study was conducted in two 
stages. The first  stage  involves  the  determination  of  the  pore  structure  of  the  samples  of 
a  contaminated material, while  the  second  stage  involves determining  the porosity of  the 
samples after leaching (through the percolation process).
3.1.  The test apparatus








out  of  substances  that  have  accumulated  over  many  years  of  exploitation  of  the  porous 
structure of ceramic bricks, cement mortar and thermal insulation. In this way, three aqueous 
extracts were  obtained which  have  been  used  in  chemical  analysis,  the  sample materials 
being tested in a mercury porosimeter.
The  chemical  analysis  of  the  received water  extracts  (in  the  percolation  process) was 
carried out with a spectrophotometer V-630. The aim was to determine the content of sulphate 
and chloride ions and the pH.
The  study  of  the  pore  structure  was  carried  out  in  a  Quantachrome  Poremaster 
Nova  1000e  mercury  porosimeter.  The  study  involved  samples  containing  accumulated 
materials and samples of the same materials after the percolation process (leaching out).
4. Results and analysis
4.1.  Results of X-ray crystallography
The aim of the X-ray crystallography tests was to verify the presence of crystalline phases 





compounds,  such as gypsum, kaledonit,  ferrous  sulphate, magnesium sulphate, potassium 
sulphate, and ettringite and alunogen were identified. Compounds of chlorine and calcium 
carbonate were  also  identified.  Some  compounds  are  sparingly  slightly soluble  (gypsum, 
anhydrite),  which  will  slowly  leach  out  of  the material.  However,  there  are  also  readily 
soluble compounds which, in contact with moisture or water, will dissolve quickly and easily 
penetrate  into  the  ecosystem.  These  include  magnesium  sulphate  or  potassium  sulphate, 
for example. These  salts  are a major  threat  to  the environment and  reduce  the possibility 
of utilising the waste.
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Ta b l e  2































































The  purpose  of  microstructural  observations  and  EDS  analysis  was  to  identify  non- 
-crystalline  (amorphous)  corrosion  products  present  in  the  studied  materials.  By  using 
the EDS probe,  a  qualitative  assessment  of  the  contamination  of  exploited materials was 




cement  mortar  and  mineral  wool  observed  in  the  SEM  and  EDS  analysis  are  shown 
in Figs. 6-8.
Microstructural  studies  confirmed  the  presence  of  crystalline  phases  shown  in  X-ray 
crystallography  studies.  In  addition,  they  revealed  that  the  sulphate  and  chloride  ions  are 
incorporated  in  the  form of  ions  in  the  structure of  the aluminosilicate phases of ceramic 
bricks and in the CSH phase structure in the cement mortar. In the place of thermal insulation, 














T a b l e  3
The percentage of soluble substances and the mass accumulated in the ceramic brick, 











Studies  have  shown  that  most  of  the  chemical  compounds  which  are  harmful  to 
the environment are located in the cement mortar. Their content equals 19.6 tons. In turn, 
the  content  of  these  substances  in  ceramic  brick  is  at  a  level  of  13.4  tons. Additionally, 
in  the  mineral  wool,  which  contains  the  smallest  amount  of  this  material,  there  are 
considerable  amounts  of  harmful  substances.  This  results  from  the  fact  that  the  space 
between  the  ceramic  lining  and  the  shaft  of  the  chimney makes  an  ideal  location  for  the 
accumulation of the components of discharged flue gases. When these compounds come into 
contact with moisture,  it  causes a condensation of acidic components  from  the flue gases 
to occur. As a result, it induces a strong destruction of the material in places where the so- 





were  subjected  to  chemical  analysis. The degree of  contamination by harmful  substances 







amount of  sulphates  and chlorides, which are observed  into  the demolished  liner  and  the 
removed insulation. The results are presented in Table 4.
T a b l e  4





















The  ceramic  bricks  contain  4.5  tons  of  sulphate  ions  and  2.6  tons  of  chloride  ions. 
In  total,  the  bricks  contain  nearly  7.1  tons  of  the  substances which  carry  a  strong  threat 
to the environment. However, in the mortar there is 10.8 tons of SO4
2‒ and 2.5 tons of Cl‒, 
and  this  adds  up  to  a  total  of more  than  13  tons. The  smallest  pollution  comes  from  the 
thermal  insulation  and  is  0.8  tons  for  both  substances. Thus,  in  the demolished  liner  and 
damaged  insulation,  the  total  sulphate  content  is  16.1  tons, while  the  chlorides measured 














The  relatively  high  porosity  of  the material  (such  as  an  ordinary  ceramic  brick which  is 
more than 30%) makes it accessible to external media (including corrosion), which facilitates 
the  penetration  and removal  of  corrosive  products.  In  addition  to  the  volume  fraction  of 
pores,  their  size  and  shape  are  also  very  important  [4,  18]. Additionally, the  fact  that  in 
traditional ceramics  the  spaces between  grains  are  filled  with  corrosive  products  means 
that the situation is only aggravated. As a result of the accumulation of harmful substances 
in  the  materials  of  the  ceramic  liner,  evidence  suggests  that  the  structure  of  porosity 
changes. The purpose of this research was to determine the category of the pores forming 










Fig.  10.  Population curves of ceramic brick and mortar set before and after  
the process of percolation
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Ta b l e  5



























Ta b l e  6



























As  a  result  of  the  accumulation  of  various  substances  in  the  pores  of  ceramic  bricks, 
porosity of the material has decreased by more than 20%. These changes relate primarily to 
the pores with diameters ranging from 100 to 100.000 nm. The accumulation of the substance 
leads  to  decrease  of  the  pores. Thus,  in  the  structure  of  ceramic  brick,  there  is  a  greater 
quantity of smaller pores in comparison to the pore structure observed in the leached brick.
In the cement mortar, the process of accumulation of pollutant substances is also clearly 
visible. The porosity of  the material at  the time of  the demolition was over 25% lower in 







waste generated  in  the member  states, 32%  is  as  a  result of  activities of  the construction 
and dismantling of buildings. They mainly consist of inert materials such as brick, ceramic 
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